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Abstract

Root lesion nematodes (RLNs) are major plant parasites causing significant global yield
losses in a wide range of crops. Current management strategies largely depend on syn-
thetic nematicides, which raise environmental and human health concerns due to their
broad-spectrum toxicity and persistence in the ecosystem. Volatile allelochemicals offer a
promising, environmentally safer alternative due to their biodegradability and lower toxic-
ity to mammals. In this study, we assessed the nematicidal activity of five allelochemical
volatiles—dimethyl sulphide (DMS), dimethyl disulphide (DMDS), trans-cinnamaldehyde
(TCA), trans-2-decenal (T2D), and trans-2-undecenal (T2U)—against Pratylenchus penetrans,
using direct-contact bioassays, in comparison with the conventional nematicide oxamyl.
Additionally, we assessed their environmental behaviour and toxicity profiles through
in silico modelling. At 1 mg/mL, TCA, T2D, and T2U exhibited strong activity against
P. penetrans, outperforming oxamyl by up to 1.6-fold, while DMS and DMDS showed re-
duced activity. The environmental risk assessment revealed that these compounds have a
lower predicted persistence and bioaccumulation compared with oxamyl or fluopyram, a
new generation nematicide. Though these findings boost the potential of these compounds
as sustainable alternatives for RLN management, field validation and testing with non-
target organisms remain necessary for the development of biopesticides. Nevertheless,
this study emphasizes the need for an integrated risk-based assessment in the selection of
nematicidal agents, warranting efficacy as well as environmental safety.

Keywords: nematicide; phytochemicals; plant-parasitic nematodes; Pratylenchus penetrans;
risk assessment; sulphides

1. Introduction
Plant-parasitic nematodes (PPNs) are among the most widespread and destructive

pests of agricultural crops, posing a significant threat to global food production. Root
lesion nematodes (RLNs), of the genus Pratylenchus, are migratory endoparasites that cause
substantial yield losses in a variety of economically important crops, including carrot,
potato, coffee, corn, maize, alfalfa, and soybean [1]. Within the roots, RLNs feed on cortical
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and vascular cells, disrupting vital functions, while in the soil, they target epidermal cells
and root hairs [2]. The progression of RLN infection leads to the formation of necrotic
lesions, which impair water and nutrient uptake and compromise overall plant health [3].
Moreover, the migration of RLNs throughout the root system increases the dispersal of
these lesions, predisposing plants to secondary infections by opportunistic pathogens [4,5].
Among the RLNs, P. penetrans (Cobb, 1917) Filipjev & Schuurmans-Stekhoven, 1941, is
one of the most economically significant species, with a remarkably broad host range of
over 400 plant species. P. penetrans reproduces sexually, and females deposit eggs either
within host root tissues or in the surrounding rhizosphere, enabling persistent infection and
spread. Its life cycle can be completed between 30 to 60 days, depending on environmental
factors such as temperature and soil moisture, allowing a rapid population buildup under
favourable conditions [2].

Pest management of the RLN is particularly difficult due to its broad host range and
the ability to persist in the absence of a host, either in egg or juvenile form [3]. Conven-
tional management approaches, including crop rotation, fallowing, and the use of non-host
cover crops, have shown limited effectiveness in suppressing RLN populations under field
conditions [6]. As a result, synthetic nematicides have historically been preferred over
more sustainable methods. Among these, synthetic chemicals, such as the non-fumigant
carbamate oxamyl, have been widely used to manage soil PPNs, including RLNs [7]. This
chemical inhibits acetylcholinesterase (AChE), thereby disrupting cholinergic neurotrans-
mission in the nematode. However, due to its non-specific mode of action, oxamyl affects
a broad spectrum of organisms beyond its target pests, raising serious environmental
and human health concerns. For example, beneficial soil organisms, which are critical for
maintaining ecosystem functions such as nutrient cycling and soil fertility, are known to
be negatively influenced by conventional nematicides [8,9]; additionally, the persistent
residues of oxamyl, and similar first-generation nematicides, are frequently detected in
soil, water, and food products [8]. The indiscriminate suppression of beneficial organisms
not only reduces biodiversity but also impairs agricultural productivity and compromises
food security [10]. Consequently, many of these traditional nematicides have been banned
or severely restricted in several countries [11]. In response to these impositions, recent
research has focused on developing new generation nematicides with lower environmental
impacts and improved specificity when compared with traditional nematicides. One such
example is fluopyram, which targets the mitochondrial electron transport chain (complex
II) in nematodes [12,13]. Nonetheless, despite showing a safer environmental behaviour in
comparison with more traditional nematicides, new generation nematicides can still impact
agroecosystem biodiversity if used indiscriminately [8].

The increasingly strict legislation on conventional nematicides has driven a renewed
interest in developing sustainable strategies to control RLNs. Among these, plant alle-
lochemicals have emerged as promising alternatives due to their favourable ecological
profiles. These natural products encompass a diverse array of bioactive molecules with
extensive chemical diversity, high specificity, and biodegradability. Furthermore, they
exhibit lower toxicity to mammals and benefit from a long history of safe use, making
them an attractive option for sustainable pest management [14–16]. Several studies have
reported on the use of plant allelochemicals, e.g., essential oils (EOs), extracts, volatiles or
fractions, as prospective fungicides, antimicrobials, and nematicides [8,17–19]. Dimethyl
sulphide (DMS) and dimethyl disulphide (DMDS), are both naturally occurring organosul-
fur compounds, commonly obtained from the Alliaceae or Brassicaceae families of plants [20].
These volatile compounds have shown promising nematicidal activities against other soil
dwelling PPNs, such as the root-knot nematodes (Meloidogyne) or potato cyst nematodes
(Globodera) [20]. DMDS and DMS appear to exert their nematicidal activity by inhibiting
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the enzyme cytochrome oxidase, thereby disrupting mitochondrial respiration. This inter-
ference compromises the nematode’s ability to effectively move, feed, and reproduce [21].
Additionally, these compounds are advantageous due to their high biodegradability and
low environmental persistence, minimizing their ecological impact. Notably, low concen-
trations of DMDS (3 g per 10 L of soil) enhance saprophytic nematode populations, which
in turn support plant growth by improving soil health and nutrient cycling [20]. Another
volatile compound that has attracted significant attention for its nematicidal properties is
trans-cinnamaldehyde (TCA), a phenylpropanoid identified as a major constituent of Cin-
namomum cassia EO. Several studies have found that C. cassia EO shows strong nematicidal
activity against Bursaphelenchus xylophilus, M. incognita and M. javanica [19,22–24]. More
recently, a study which isolated TCA from C. cassia EO, concluded that it induced a high
mortality, reduced J2 viability and egg hatchability in M. incognita, Xiphinema index and G.
rostochiensis. Importantly, this compound’s low toxicity to mammals or other beneficial
organisms further positions it as a candidate for safe, sustainable pest management strate-
gies [24]. Also, trans-2-decenal (T2D) and trans-2-undecenal (T2U), medium carbon chain
aldehydes commonly extracted from the EO of Coriandrum sativum, have demonstrated
high nematicidal activities [25]. Medium carbon chain aldehydes have a unique advantage
in their ability to act as both contact and vapor-phase toxicants, allowing for versatile appli-
cation methods [26]. Despite this, little is known on the mode of action of T2D and T2U,
which limits their use and commercialization as prospective nematicides. Interestingly, the
EO of C. sativum shows a broad range of activities, e.g., insecticide, nematicide, anti-fungal
and anti-bacterial [25].

In the present study, the biopesticide potential of DMS, DMDS, TCA, T2D, and T2U
was evaluated, for the first time, against the RLN, P. penetrans, and compared with the ac-
tivity of the conventional synthetic nematicide, oxamyl. We hypothesize that these natural
plant products, due to their distinct modes of action and ecotoxicologically beneficial pro-
files, can offer a sustainable and effective alternative to conventional pesticides. Thus, the
present study seeks to contribute to the development of more integrated pest management
strategies, which are both environmentally safer and economically viable.

2. Materials and Methods
2.1. Chemicals

Pure chemical standards of dimethyl sulphide (purity ≥ 99%), dimethyl disulphide
(purity ≥ 99%), trans-cinnamaldehyde (purity 99%), trans-2-decenal (purity 92%) and
trans-2-undecenal (purity 90%) were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Oxamyl was tested in its commercially available formulation, the traditional nematicide
AFROMYL® (Epagro, Lisbon, Portugal) at 1 mg of active compound (oxamyl)/mL. The
compound stock solutions were prepared with HPLC-grade solvent methanol, acquired
from Fisher Chemicals (Hampton, NH, USA).

2.2. Obtaining Root Lesion Nematode Suspensions

A standardized carrot disk-based technique was used to obtain suspension of
RLNs [27]. Briefly, medium sized carrots with no visible signs of external damage were
acquired from a certified organic seller, thoroughly rinsed under running tap water, and
then rinsed with a commercial detergent solution (1 drop per 40 mL of water), to remove
leftover soil or debris. Undamaged carrots with organic certification were preferred in
order to reduce the probability of microbial contamination or the presence of pesticides that
can hinder RLN development [28]. After drying in a paper laboratory towel, carrots were
surface sterilized in a laminar flow hood by dipping in ethanol at 96% (v/v) (LabChem,
Lisbon, Portugal) and flame sterilizing. Under asepsis, a sterilized peeler was used to care-
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fully remove the outer skin, and a sterile scalpel was used to discard the upper and lower
2 cm extremities. The middle portion was then sectioned into 0.5 cm thick disks, distributed
in sterile Petri dishes, and subjected to UV radiation for 1 h, on each side. The sterility
of the carrot disks was assessed by keeping the closed Petri dishes at 25 ◦C, in darkness,
for one week. The carrot disks with no visible microbial contamination were parasitized
with the RLN, P. penetrans. The initial inoculum was supplied by Nematolab at Coimbra
University in the form of a parasitized carrot disk [29]. Aqueous suspensions of mixed
life stage RLNs, isolate A44L4 [6], were filtered through a 20 µm mesh sieve and surface
sterilized with a 20% hydrogen peroxide solution, in a flow hood. Sterilized nematodes
were then washed 3× with sterilized tap water and resuspended [27]. Approximately
60 ± 5 sterilized RLNs were added to each carrot disk and maintained at 25 ◦C in darkness.
After 3 months, RLNs were extracted from the carrot disks for 24 h with distilled water
supplemented with carbenicillin and kanamycin, at 50 µg/mL each. Finally, a suspension
was prepared with 600 to 800 mixed life stage RLNs per mL, to be used in the direct-contact
bioassays. Experiments were initiated in September of 2024.

2.3. Determination of Mortality Through Direct Contact Bioassays

Direct contact bioassays were performed to determine the nematicidal activity of the
volatile allelochemicals on the RLN P. penetrans in comparison with the pesticide oxamyl.
Briefly, 95 µL of a suspension containing 60 to 80 mixed life stage RLNs was pipetted to
each well of a flat bottom 96-well microtiter plate (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany). Afterwards, 5 µL of stock solution set to 20 mg compound/mL was added, to
obtain a final concentration of 1 mg/mL. The microplate was sealed with plastic film to
reduce compound volatilization and mixed in an orbital shaker (IKA labortechnik, Staufen,
Germany) at 800 rpm for 1 min. In each microtiter plate, blank wells were performed
to assess natural RLN mortality by adding 5 µL of ultrapure water instead of the stock
solution and control wells were added with 5 µL of methanol to determine its contribution
to RLN mortality. The plates were finally covered with aluminium foil to establish darkness,
and incubated at 25 ± 1 ◦C in an orbital shaker at 50 rpm. After 24, 48 and 72 h, dead
and live nematodes were counted under a binocular microscope Olympus SZX-12 (10x)
(Olympus Corporation, Tokyo, Japan). For each treatment, three independent experiments
were performed, each with at least three replicates. Physical prodding was performed to
ascertain mortality of immobile nematodes with extended body shape.

2.4. Determination of Motility Inhibition Through Direct Contact Bioassays

Inhibition of RLN motility was assessed with a WMicrotracker MINI device (Phy-
lumtech S.A., Santa Fe, Argentina), which can quantify nematode movement through the
scattering of infrared light [30]. Movement was detected through the interference of a
light beam passing through the aqueous suspension containing the RLNs, in each well of a
microtiter plate. Motility was quantified as the number of continuous interferences, during
a selected time interval. The experimental setup followed the description in the previous
section with modifications. Briefly, 38 µL of a suspension with 25 to 35 mixed life stage
RLNs was pipetted to each well of a U-bottom 96-well microtiter plate (Carl Roth GmbH &
Co. KG, Karlsruhe, Germany) and 2 µL of compound stock solution (at 20 mg/mL) was
added to obtain a final compound concentration of 1 mg/mL. The microplate was covered
and mixed in an orbital shaker (IKA labortechnik, Staufen, Germany) at 800 rpm for 1 min.
In each microtiter plate, blank wells were performed to assess control RLN motility by
adding 2 µL of ultrapure water instead of the stock solution and control wells were added
with 2 µL of methanol to determine the contribution of methanol to RLN motility inhibition.
Nematode movement in each well was quantified, for 60 min, after incubation at 25 ± 1 ◦C
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for 24, 48 or 72 h. For each treatment, three independent experiments were performed, each
with at least eight replicates.

2.5. Assessment of Environmental Benefit

The environmental advantages of using dimethyl sulphide, dimethyl disulphide,
trans-cinnamaldehyde, trans-2-decenal or trans-2-undecenal instead of the conventional pes-
ticides oxamyl or fluopyram, old generation and new generation commercial nematicides,
respectively, were assessed by using data obtained from predictive software combined
with experimental toxicity data that are available online in freely accessible databases. To
understand the potential dispersal into the air, water, soil, or sediment environmental com-
partments, their predicted environmental distribution (PED) percentages were determined
through the equilibrium criterion model [31] by resorting to the Level I Mackay fugacity
model (version 4.39), made available by Trent University (Peterborough, ON, Canada [32].
Predictions were set to a situation in which 100,000 kg of compound was introduced to a
closed system under steady-state and equilibrium conditions at 25 ◦C. The experimental
data on the chemical properties of the compounds were retrieved from PubChem [33] and
from the Pesticide Properties Database (PPDB) [34] and fed into the fugacity model (Table 1).
These were the molecular mass (g/mol), melting point (◦C), vapour pressure (Pa) and
solubility in water (mg/L); as well as the partition coefficient air/water partition, Henry’s
law constant (Pa.m3/mol), n-octanol/water partition (log value of Kow), and soil organic
carbon/water partition (Koc). Additionally, the EPISuite™ software (version 4.11) [35],
which is freely available from the US Environmental Protection Agency, was used to predict
the persistence of a compound (in h), its potential volatilization rate from a river or lake
models (half-life in h), using the WVOLWIN™ module. We estimated the bioaccumulation
factor (BAF) for generic fish species in the upper trophic level of aquatic food webs, the
bioconcentration factor (BCF) for water exposure, and biotransformation (half-life in days)
in an aquatic environment, based on the Arnot–Gobas method [36], using the BCFBAF™
module. Finally, we predicted the percentage removal of a chemical in a typical activated
sludge-based sewage treatment plant, using the STPWIN™ module.

Table 1. Physical and chemical properties of dimethyl sulphide (DMS), dimethyl disulphide (DMDS),
trans-cinnamaldehyde (TCA), trans-2-decenal (T2D) or trans-2-undecenal (T2U) and the conventional
pesticides oxamyl or fluopyram, required to perform the Level I Mackay fugacity model [32]. Data
were retrieved from the PubChem database [33] and the Pesticide Properties Database (PPDB) [34].

Physicochemical Parameters DMS DMDS TCA T2D T2U Oxamyl Fluopyram

CAS number 624-92-0 75-18-3 104-55-2 3913-81-3 2463-77-6 023135-22-0 658066-35-4
Molecular mass (g/mol) 94.2 62.1 132.2 154.3 168.3 219.3 396.7

Melting point (◦C) −84.7 −98.3 −7.5 −8.9 2.1 * 101.0 117.5
Vapor pressure (Pa) 3813.0 6.7 × 104 3.8 1.2 × 104 * 6.0 * 0.03 1.2 × 10−6

Solubility in water (mg/L) 3000.0 2.2 × 104 1420.0 97.9 * 22.3 * 2.8 × 105 16.0
Henry’s law Constant (Pa/m3/mol) 122.6 163.1 0.3 18.3 * 45.7 * 2.4 × 10−5 3.0 × 10−5

LogKow (unitless) 1.8 0.8 1.9 3.6 * 4.0 * −0.5 3.3
Koc (unitless) 40 6.3 37.0 65.7 * 119.7 * 8.0 698.0

* Data were estimated using the EPISuite™ software (v. 4.11) [35] because they were not available in the online
databases accessed.

For the assessment of the environmental risks to aquatic organisms, experimental data
were retrieved from reputed databases that host these parameters, namely, the European
Chemicals Agency (ECHA) database [37], the Pesticide Properties Database (PPDB) [34],
and PubChem [33]. The toxicity thresholds—experimentally obtained from model organ-
isms for fish, occupying the trophic level of secondary consumers; algae, which are primary
producers; and invertebrates such as Daphnia spp., occupying the trophic level of primary
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consumers/secondary producers—were compiled in order to compare the toxicity of the
allelochemical volatiles to that of the conventional pesticides oxamyl or fluopyram.

2.6. Estimation of Safety to Human Health

To estimate the safety to human health of dimethyl sulphide, dimethyl disulphide,
trans-cinnamaldehyde, trans-2-decenal or trans-2-undecenal in comparison with the con-
ventional pesticides oxamyl or fluopyram, experimental data that are freely available in
online databases were combined with data estimated from predictive software on toxicity
parameters that are commonly determined for human health. The experimental acute
oral or dermal toxicity thresholds were retrieved from the European Chemicals Agency
(ECHA) [32], the Pesticide Properties Database (PPDB) [33,34], and PubChem [35]. Toxicity
to human organ functions was gauged by resorting to computational toxicity estimations
using the specialised ADMETlab 3.0 [38] webtool, which can estimate the probability of a
compound to induce several toxicity endpoints of interest. Using its ADMET evaluation
module, each compound can be identified through the specific SMILES code and informa-
tion on the probability of toxicity for the selected endpoints can be processed by the server
using deep learning models. For the present work, toxicity probabilities for the following
endpoints were retrieved:

- the FDA medium daily dose (FDAMDD), that provides an estimate of the toxic dose
threshold of chemicals in humans;

- the hERG blockers, related to the voltage-gated potassium channel encoded by hERG
whose blockade may cause illness or even death;

- hematotoxicity, which refers to adverse effects of chemicals on blood-forming organs;
- carcinogenicity, related to the ability to damage the genome or disrupt cellular

metabolic processes;
- RPMI-8226 immunotoxicity, which helps determine the toxicity of compounds to a

type of multiple myeloma cell line;
- genotoxicity, which refers to the ability of harmful substances to damage genetic

information in cells;
- respiratory toxicity, which has become the main cause of drug withdrawal;
- A549 cytotoxicity, which helps determine the toxicity of compounds to a human

non-small cell lung cancer cell line;
- human hepatotoxicity, for compounds demonstrating adverse liver reactions;
- drug-induced liver injury (DILI), for compounds that have well known associations

with liver injury and have a significant number (>10) of independent clinical reports
of hepatotoxicity;

- drug-induced nephrotoxicity, which refers to the harmful effects that occur in
the kidneys;

- Hek293 cytotoxicity, which helps determine the toxicity of compounds to human
embryonic kidney cells;

- AMES toxicity, which determines a mutagenic effect that has a close relationship with
the carcinogenicity;

- skin sensitization, for potential adverse effects for dermally applied products;
- eye irritation, which assesses the potential to affect cornea and conjunctiva tissues;
- drug-induced neurotoxicity, for compounds that can harm both the central nervous

system and the peripheral nervous system;
- ototoxicity, for compounds that have the potential to harm the inner ear by either

damaging the ear’s structures directly or the related nervous system.
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2.7. Data Treatment and Statistical Analysis

To assess RLN mortality, live and dead nematode counts were used to determine
mortality percentages according to Formula (1):

Mortality % = (dead RLNs/total no. of RLNs) × 100 (1)

For each compound, mortality percentages were corrected to exclude control
(methanol) mortality through Formula (2):

Corrected mortality % = [(mortality % in treatment − mortality % in control)/

(100 − mortality % in control)] × 100
(2)

The toxicological strength of the compounds was characterized as complete when
mortality was 100%, strong when above 80%, moderate when between 80 and 61%, weak
when between 60 and 40%, and low or inactive when below 40% [39].

To assess RLN motility inhibition, nematode movement counts were used to determine
the inhibition of nematode movement according to Formula (3):

Motility inhibition % = [(movement counts in control well − counts in compound

added well)/movement counts in control well] × 100
(3)

Statistical processing was performed with version 2019 of Origin Graphing & Anal-
ysis software (OriginLab, Northampton, MA, USA). Statistical significance of the data
was determined with one-way ANOVA, and individual means were compared using the
Tukey’s Post-Hoc test with p < 0.05 (Shapiro–Wilk Test ensured data normality, and Browns–
Forsythe Test was used for homoscedasticity). The results are presented as average and
standard error value of replicates.

3. Results
3.1. Nematotoxic Activity

The activity of the volatile allelochemicals was determined through direct-contact
bioassays. Corrected mortality values were obtained for P. penetrans after 24, 48, and 72 h
of direct contact. Control mortality, which allowed for the assessment of the impact of
methanol on the RLN, varied between 3.8 ± 1.6 and 6.2 ± 2.0% during the time course
study. These data were used to obtain corrected mortality values in the treatment groups.
The analysed compounds induced different mortality percentages, with dead nematodes
presenting the typical motionless extended body shape. From the sulphide volatiles
analysed, DMDS exhibited a weak nematicidal activity, with corrected mortality values
ranging from 39.6 ± 1.3% at 48 h to 53.4 ± 1.3% at 72 h (Figure 1). In comparison, DMS
demonstrated a low activity, with values rising from 20.2 ± 3.0% at 24 h to 41.1 ± 3.1%
at 72 h.

Among the tested aldehydes, the phenylpropanoid TCA displayed the highest ne-
maticidal activity across all tested compounds. Corrected mortality values increased
consistently, from 74.0 ± 2.5% after 24 h to 97.6 ± 1.8% after 72 h (Figure 1). The strong
nematicidal activity positions it as a potential candidate for development as a prospective
sustainable nematicide. T2D demonstrated a strong nematicidal activity with mortality
values ranging from 81.6 ± 2.5% at 24 h to 91.2 ± 3.3% at 72 h (Figure 1). Similarly, T2U
also showed moderate activity increasing from 57.0 ± 2.7% at 24 h to 81.1 ± 3.0% at 48 h,
followed by a slight decrease to 76.5 ± 0.7% at 72 h (Figure 1). Although both aldehydes
exhibited high activity, T2D maintained a higher mortality over time. In comparison, the
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synthetic pesticide oxamyl exhibited moderate nematicidal activity. Corrected mortality
values increased from 42.2 ± 2.7% at 24 h to 61.9 ± 0.4% at 72 h (Figure 1). Throughout
the time-course study, only TCA, T2D, and T2U showed higher corrected mortality values
than oxamyl.
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Figure 1. Corrected mortality values (average ± standard error) for the root lesion nematode
Pratylenchus penetrans after 24, 48, and 72 h of direct contact with 1 mg/mL of dimethyl sulphide
(blue), dimethyl disulphide (red), trans-cinnamaldehyde (green), trans-2-decenal (purple), and trans-
2-undecenal (orange), in comparison with the pesticide oxamyl (black). Different variations of the
same letter indicate statistically significant differences (p < 0.05) based on Tukey’s test, between the
different timepoints for each compound.

The inhibition of P. penetrans motility was assessed by quantifying nematode move-
ment after 24, 48, and 72 h in direct contact with 1 mg/mL of the tested allelochemicals. The
organosulfur compounds demonstrated variable levels of motility inhibition. DMS exhib-
ited relatively low inhibition values, with a slight decrease over time, from 48.2 ± 1.9% at
24 h to 39.1 ± 1.0% at 48 h and 34.0 ± 2.2% at 72 h (Figure 2). The motility inhibition activity
of DMDS can also be described as low or inactive, with values remaining consistently
below the 40% motility inhibition, increasing from 28.7 ± 1.5% at 24 h to 35.2 ± 1.1% at
48 h, followed by a slight decrease to 34.5 ± 1.0% at 72 h (Figure 2).

a
a'

a'
b

b' b'

c c
c'

d
d'

d''

e

e

e
f

f
f

0

20

40

60

80

100

24 48 72

M
ot

il
ity

 in
hi

bi
tio

n 
(%

)

Time (hours)

Figure 2. Motility inhibition percentages (average ± standard error) for the root lesion nematode
Pratylenchus penetrans after 24, 48, and 72 h of direct contact with 1 mg/mL of dimethyl sulphide
(dark green), dimethyl disulphide (red), trans-cinnamaldehyde (light green), trans-2-decenal (purple),
and trans-2-undecenal (orange), in comparison with the pesticide oxamyl (black). Different variations
of the same letter indicate statistically significant differences (p < 0.05) based on Tukey’s test, between
the different timepoints for each compound.
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The phenylpropanoid TCA showed high motility inhibition throughout the 72 h
period, achieving 89.7 ± 1.3% after 24 h, with a slight increase over time to 90.1 ± 2.1%
at 48 h and a decrease to 81.4 ± 2.2% at 72 h (Figure 2). The tested aldehydes exhibited a
contrasting trend. While T2D demonstrated low initial inhibition which increased over
time, from 23.1 ± 2.2% at 24 h to 43.6 ± 2.8% at 48 h and 56.8 ± 1.4% after 72 h, T2U showed
greater activity, with inhibition values decreasing over time from 71.0 ± 3.1% at 24 h to
66.6 ± 3.2% at 48 h and 62.0 ± 5.8% at 72 h (Figure 2). The synthetic nematicide oxamyl
exhibited moderate motility inhibition, with no significant change in activity over the
course of the 72 h, with motility inhibition ranging from 64.1 ± 4.4% at 24 h to 56.0 ± 4.9%
at 48 h, before increasing to 64.3 ± 4.3% at 72 h (Figure 2).

3.2. Potential Environmental Safety

To assess the ecological risks of shifting from conventional pesticides to the analysed
phytochemicals, predictive models were exploited to evaluate compound persistence, dis-
tribution and removal in different environmental compartments. The fugacity model, used
to determine predicted environmental distribution, showed that, as expected for volatile
compounds, most of the phytochemicals assayed had a strong predicted affinity to the air
environmental compartment (Table 2). DMS, DMDS, and the aldehydes T2D and T2U were
predicted to mainly volatilize to the air (97.0, 95.8, 76.4 and 87.9%, respectively) (Table 2).
T2D was also predicted to show affinity to the water environmental compartment (20.6%).
TCA showed a higher predicted distribution to the water environmental compartment
(86.7%), in a similar manner to the conventional nematicide oxamyl (98.3%) (Table 2). On
the other hand, fluopyram showed an almost complete predicted distribution to the soil
environmental compartment (96.9%). The environmental persistence (in h) predicted for
the nematicides oxamyl and fluopyram, was 12- to 100-fold higher than that predicted for
the analysed allelochemicals (Table 2). Predictive models were also used to estimate the
volatilization (half-life in h) of these compounds in river and lake models. As expected,
volatilization of the tested phytochemical volatiles was higher than that of the synthetic
chemical nematicides. Among the tested compounds, the highest predicted volatiliza-
tion values were obtained for TCA, with 191 and 2183 h for the river and lake models,
respectively (Table 2).

Table 2. Predicted environmental distribution (%) to the environmental compartments of the air, water,
soil, and sediments; compound persistence (h); and potential for volatilization from a model river or
lake of dimethyl sulphide, dimethyl disulphide, trans-cinnamaldehyde, trans-2-decenal, and trans-
2-undecenal in comparison with the conventional pesticides oxamyl and fluopyram. Determined
using the Mackay fugacity model and the US Environmental Protection Agency’s EPISuite™ software
(v. 4.11) [35,40].

Predicted Environmental
Distribution (%)

Persistence
(h)

Volatilization 1

(Half-Life, h)

Allelochemicals Air Water Soil Sediment Model River Model Lake

Dimethyl sulphide 97.0 2.9 0.0 0.0 97.6 1.5 97.3
Dimethyl disulphide 95.8 3.9 0.3 0.0 136.0 0.8 74.9

trans-Cinnamaldehyde 6.2 86.7 6.9 0.2 408.0 191.3 2183.0
trans-2-Decenal 76.4 20.6 2.9 0.1 316.0 5.3 161.8

trans-2-Undecenal 87.9 9.5 2.5 0.1 329.0 4.3 155.6
Pesticides

Oxamyl 0.0 98.3 1.7 0.0 1150.0 152,400.0 1,663,000.0
Fluopyram 0.0 0.8 96.9 2.2 9790.0 1,272,000.0 13,880,000.0

1 Estimated through the WVOLWIN™ module for rate of volatilization of a chemical from rivers and lakes [35].
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The dangers of exposure to aquatic environments and the toxicological effects of
the compounds were further assessed through predictive modelling. The theoretical
bioaccumulation factor (BAF), bioconcentration factor (BCF) and biotransformation of the
plant allelochemicals were estimated and compared with oxamyl and fluopyram. DMS and
DMDS were estimated to show low BAF and BCF values (1.7 and 1.0 L/kg FW, respectively),
along with TCA (1.8 L/kg FW) (Table 3). Due to their chemical properties, the aldehydes
T2D and T2U were predicted to have the highest BAF and BCF, at 203.2 and 400 L/kg
FW, respectively, for both endpoints. In contrast, the synthetic nematicides, oxamyl and
fluopyram, were predicted to have 0.9 and 61.8 L/kg FW for both endpoints, respectively
(Table 3). The predicted biotransformation (half-life, days) of the analysed compounds
was 0.1 days for DMDS, DMS and TCA, 1.1 and 1.5 days for the aldehydes, and 0.01 and
0.4 days for oxamyl and fluopyram, respectively.

Table 3. Predicted bioaccumulation factor (BAF) for generic fish species in the upper trophic level
of aquatic food webs, predicted bioconcentration factor (BCF) for water exposure (L/kg FW, fresh
weight), and potential biotransformation (half-life in days), determined with the US Environmental
Protection Agency’ EPISuite™ software (v. 4.11) [35,40], based on the Arnot–Gobas method [36],
for dimethyl sulphide, dimethyl disulphide, trans-cinnamaldehyde, trans-2-decenal, and trans-2-
undecenal in comparison with the conventional pesticides oxamyl and fluopyram.

BAF BCF Biotransformation

Allelochemicals (L/kg FW) (L/kg FW) (Half-Life in Days)

Dimethyl sulphide 1.7 1.7 0.1
Dimethyl disulphide 1.0 1.0 0.1

trans-Cinnamaldehyde 1.8 1.8 0.1
trans-2-Decenal 203.2 203.2 1.1

trans-2-Undecenal 400.6 401.1 1.5
Pesticides

Oxamyl 0.9 0.9 0.01
Fluopyram 61.8 61.8 0.4

Predictive modelling was employed using the US EPA’s EPIsuite software, version
4.11), to evaluate the removal efficiency in a typical activated sludge-based sewage treat-
ment plant. Amongst the compounds analysed, DMDS was predicted to show the highest
total removal rate, i.e., 99.4%, followed by T2U (38.0%), DMS (34.5%), and T2D (20.7%)
(Table 4). In contrast, the conventional nematicides were predicted to show significantly
lower removal efficiencies. Oxamyl exhibited the lowest predicted total removal rate,
compared with all other compounds examined, showing a total removal of 1.9% (Table 4).
According to these models, fluopyram is predicted to exhibit a total removal of 5.7%.

Typically, the use of chemical pesticides results in their bioaccumulation in the soil
and subsequent distribution and retention in various aquatic ecosystems. As a result,
biodiversity in groundwater and aquifers is generally negatively affected by pesticide
misuse. Therefore, the evaluation of the acute effects that these chemicals have on vari-
ous aquatic non-target organisms is crucial to recognize their potential threat to aquatic
ecosystems. Publicly accessible online databases were utilized to review the acute toxico-
logical thresholds, reported for both the allelochemical volatiles and synthetic pesticides,
in various aquatic trophic groups (Table 5). In fish models, DMS and TCA stand out for
their high LC50 values, being 100- and 10-fold higher than the values reported for oxamyl
and fluopyram (3.1 and 1.0 mg/L, respectively). The remaining allelochemicals displayed
toxicity thresholds, similar to those observed for the synthetic pesticides ranging from 0.16
to 0.97 mg/L. This trend is also seen in the algae model organisms, having DMS and TCA
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30- and 100-fold higher EC50 values than those reported for oxamyl and fluopyram (0.9
and >1.1 mg/L, respectively). The remaining compounds, DMDS, T2D, and T2U, were
reported to have between 2- and 6-fold higher EC50 values compared with oxamyl and
fluopyram. In the model organism Daphnia magna (an invertebrate), the surveyed allelo-
chemicals were predicted to have lower acute toxicity thresholds compared with oxamyl.
Interestingly, fluopyram is reported to have a lower toxicity to invertebrates (>100 mg/L)
than the phytochemicals reviewed, presenting values between 1.8 and 81 mg/L (Table 5).

Table 4. Predicted percentage removal in a typical activated sludge-based sewage treatment plant
of dimethyl sulphide, dimethyl disulphide, trans-cinnamaldehyde, trans-2-decenal, and trans-2-
undecenal and the conventional pesticides oxamyl and fluopyram. Determined using the US Envi-
ronmental Protection Agency’s EPISuite™ software (v. 4.11) [35,40].

Predicted Removal in Wastewater Treatment 1 (%)

Allelochemicals Total Removal Biodegradation Sludge Adsorption Release to the Air

Dimethyl sulphide 34.5 0.1 1.3 33.2
Dimethyl disulphide 99.4 0.0 0.3 99.5

trans-Cinnamaldehyde 2.1 0.1 1.8 0.2
trans-2-Decenal 20.7 0.2 13.5 7.0

trans-2-Undecenal 38.0 0.3 30.3 7.4
Pesticides

Oxamyl 1.9 0.1 1.8 0.0
Fluopyram 5.7 0.1 5.6 0.0

1 Estimated through STPWIN™ module [35].

Table 5. The acute ecotoxicological thresholds (median lethal/effective concentration, LC50/EC50,
mg/L) reported for dimethyl sulphide, dimethyl disulphide, trans-cinnamaldehyde, trans-2-decenal,
and trans-2-undecenal and the conventional pesticides oxamyl and fluopyram against non-target
aquatic model organisms (fish, algae, and invertebrates), retrieved from ECHA [37], the Pesticide
Properties Database (PPDB) [34], and PubChem [33]. When parameters were unavailable at the
databases, data were computed using the US Environmental Protection Agency’s EPISuite™ software
(v. 4.11) [35,40].

Fish Algae Invertebrates 9

Allelochemicals LC50 96h (mg/L) EC50 96h (mg/L) LC50 48h (mg/L)

Dimethyl sulphide 213.0 1 113.7 5 81.0
Dimethyl disulphide 0.97 1 6.7 6 1.8

trans-Cinnamaldehyde >20 2 31.6 7 3.2
trans-2-Decenal 0.16 4 4.4 4 4.8 4

trans-2-Undecenal 0.2 4 2.3 4 2.1 4

Pesticides

Oxamyl 3.1 1 0.9 5 0.3
Fluopyram 1.0 3 >1.1 8 >100

The values were reported for 1 Oncorhynchus mykiss, 2 Lepomis macrochirus, and 3 Coleonyx variegatus fish model
organisms. 4 The values were estimated through ECOSAR™ module [35]. The values were reported for 5 Pseu-
dokirchneriella subcapitata, 6 Anabaena flos-aquae, 7 Desmodesmus subspicatus, and 8 Skeletonema costatum algae model
organisms and the 9 Daphnia magna invertebrate model organism.

3.3. Toxicity to Mammals

The potential of the tested compounds for toxicity to mammals was estimated in order
to assess the human health risks associated with their use. Regarding the threshold values
for oral toxicity, the synthetic pesticides and organosulfur compounds were reported to
present the highest values. The pesticide oxamyl displayed a low oral toxicity threshold of
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3 mg/kg, which was three orders of magnitude lower than the other reviewed compounds,
except for DMS, with a reported LD50 of 190 mg/kg. The new generation pesticide,
fluopyram, showed a substantially higher oral toxicity threshold value, with a reported
LD50 value > 2000 mg/kg (Table 6). Regarding the thresholds for dermal toxicity, TCA
was reported to have the highest reported LD50 value at more than 5000 mg/kg. The
remaining allelochemicals, including DMS, DMDS, and T2D, exhibited dermal LD50 values
comparable to those of the synthetic nematicides oxamyl and fluopyram, ranging between
2000 and 5000 mg/kg (Table 6).

Table 6. Experimental oral and dermal acute toxicity thresholds (mg/kg) of dimethyl sulphide,
dimethyl disulphide, trans-cinnamaldehyde, trans-2-decenal, and trans-2-undecenal, in comparison
with the conventional pesticides oxamyl and fluopyram. Data were retrieved from PubChem [33],
the Pesticide Properties Database (PPDB) [34], and ECHA [37]. When the parameters were unavail-
able, data were computed using the US Environmental Protection Agency’s EPISuite™ software
(v. 4.11) [35,40].

Oral Dermal

Allelochemicals LD50 (mg/kg) LD50 (mg/kg)

Dimethyl sulphide 2000 1 5000 2

Dimethyl disulphide 190 1 2000 2

trans-Cinnamaldehyde >2250 1 >5000 2

trans-2-Decenal 5000 1 3400 2

trans-2-Undecenal 8165 3 4

Pesticides

Oxamyl 3 1 5000 1

Fluopyram >2000 1 2000 1

The values presented were reported for 1 rat or 2 rabbit model organisms. 3 Data were estimated through the
Toxicity Estimation Software Tool (T.E.S.T.) version 5.1.2. (Washington, DC, USA) freely available on the US EPA
website [41]. 4 Data could not be retrieved or predicted.

Predictive toxicology using computational modelling was conducted to profile the
potential toxic effects of the tested compounds on endpoints of human health. The con-
ventional pesticides were predicted to have a higher probability of showing toxicity (in
five endpoints for oxamyl and eight endpoints for fluopyram) than the allelochemicals
analysed (between three and four endpoints of toxicity) (Table 7).

While the aliphatic aldehydes T2D and T2U were predicted to have a high probabil-
ity of showing immunotoxicity, respiratory toxicity, and cytotoxicity, the organosulphur
compounds DMS and DMDS were predicted to additionally function as hERG blockers.
TCA showed a high probability of inducing hematotoxicity, immunotoxicity, respiratory
toxicity, and nephrotoxicity. Regarding the pesticides, oxamyl exhibited fewer endpoints
with a high probability than fluopyram. For the first, its effects of functioning as an hERG
blocker, inducing hematotoxicity and immunotoxicity, and with regard to drug-induced
liver injury and skin sensitization were predicted to be important. For fluopyram the
predicted effects were more extensive, namely, inducing carcinogenicity, cytotoxicity, hepa-
totoxicity, drug-induced liver injury, drug-induced nephrotoxicity, skin sensitization, and
drug-induced neurotoxicity. Interestingly, despite being a newer-generation nematicide,
and being considered safer for commercial use, fluopyram displayed the highest predicted
toxicity, with medium-to-high toxicity in 13 out of 17 parameters.
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Table 7. Probability of toxicity for endpoints of concern for human health, predicted through the
toxicity tool of ADMETlab 3.0 online software [38], for dimethyl sulphide (DMS), dimethyl disulphide
(DMDS, trans-cinnamaldehyde (TCA), trans-2-decenal (T2D), and trans-2-undecenal (T2U) and for
the conventional pesticides oxamyl and fluopyram.

Allelochemicals Pesticides

Predicted Toxicity Endpoint 1 DMS DMDS TCA T2D T2U Oxamyl Fluopyram

FDA medium daily dose
(FDAMDD)

0.105 0.087 0.231 0.217 0.234 0.007 0.610

hERG blockers 0.701 0.997 0.252 0.155 0.152 0.743 0.424
Hematotoxicity 0.534 0.443 0.751 0.417 0.385 0.959 0.066
Carcinogenicity 0.061 0.114 0.324 0.254 0.267 0.252 0.843

RPMI-8226 immunotoxicity 0.996 1.000 0.955 0.905 0.922 0.993 0.215
Genotoxicity 0.624 0.165 0.399 0.423 0.425 0.563 0.036

Respiratory toxicity 0.997 0.999 0.997 0.996 0.996 0.019 0.663
A549 cytotoxicity 0.784 0.985 0.478 0.822 0.839 0.671 0.872

Human hepatotoxicity 0.283 0.121 0.637 0.501 0.501 0.225 0.841
Drug-induced liver injury (DILI) 0.200 0.040 0.401 0.224 0.204 0.920 0.785

Drug-induced nephrotoxicity 0.255 0.050 0.868 0.356 0.318 0.562 0.848
Hek293 cytotoxicity 0.097 0.008 0.155 0.132 0.128 0.342 0.813
AMES mutagenicity 0.462 0.162 0.092 0.230 0.227 0.453 0.373

Skin sensitization 0.025 0.025 0.481 0.004 0.002 1.000 0.999
Eye irritation 0.035 0.009 0.047 0.057 0.057 0.011 0.064

Drug-induced neurotoxicity 0.055 0.123 0.082 0.221 0.262 0.013 0.776
Ototoxicity 0.121 0.068 0.111 0.147 0.149 0.044 0.680

1 The values represent the probability of toxicity and vary between 0 and 1, with compounds with values lower
than 0.3 being unlikely to be toxic (in green), those between 0.3 and 0.7 showing an intermediate probability of
being toxic (in yellow), and those higher than 0.7 being very likely to exhibit toxicity (in red) at each endpoint.
For a detailed description of each endpoint and specific toxicity access the online ADMETlab3.0 explanation
page [42].

4. Discussion
In vitro direct-contact bioassays were performed to assess the potential of five volatile

allelochemicals as biopesticides against the RLN P. penetrans. At the concentration of
1 mg/mL, none of the tested compounds achieved complete mortality (100%), during
the time-course study. Nonetheless, the highest nematicidal efficacy was observed for
TCA, T2D, and T2U, which exhibited mortality percentages above those of the synthetic
nematicide oxamyl at the evaluated time points. Among the tested compounds, T2D
demonstrated the strongest nematicidal activity at 24 and 48 h, whereas TCA exhibited
a progressive increase in efficacy over time, eventually surpassing T2D at 72 h. In con-
trast, both T2D and T2U showed a decline in activity after 48 h, while TCA maintained
a steady increase in effectiveness throughout the time-course study. This suggests that
TCA may exert a progressively increasing nematicidal effect over time, whereas T2D and
T2U appear to act more rapidly but also begin to lose efficacy after two days. Motility
inhibition assays were conducted to assess paralysis in P. penetrans caused by the tested
compounds. The results followed a similar pattern to those observed in the mortality
bioassays. While oxamyl exhibited strong motility inhibition, as expected due to its mode
of action as a cholinesterase inhibitor and neurotoxicant [8], TCA demonstrated greater
paralysis activity, which remained consistent after 48 h but slightly decreased at 72 h. The
methodology employed to determine motility inhibition may provide greater sensitivity
compared with visual mortality assessment, as loss of activity was detected earlier using
this approach. Thus, TCA not only exhibited the highest nematicidal activity, reaching
a maximum mortality percentage of 97.6 ± 1.8% at 72 h, but also demonstrated a strong
motility inhibition effect, ranging from 81.4 ± 2.2% to 90.1 ± 2.1%. These findings are
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consistent with previous studies that highlight the potent nematicidal activity of TCA
against phytoparasitic nematodes, such as M. incognita, G. rostochiensis, or X. index, that
have diverse anatomical structures and feeding behaviours [22]. Notably, TCA was initially
identified as a promising nematicidal compound due to the high nematicidal efficacy of Cin-
namomum cassia EO. Screening of C. cassia EO and its constituent compounds revealed that
TCA was the primary bioactive component (>90%), exhibiting mortality values comparable
to or even higher than those of the EO [24].

Among the tested aliphatic aldehydes, T2D demonstrated superior overall perfor-
mance compared with T2U, maintaining mortality levels above 80% over 72 h. A similar
trend was observed in the motility inhibition bioassays, where T2D consistently outper-
formed T2U. Oxygen-containing aliphatic compounds are known for their strong nemati-
cidal activity and distinct structure–activity relationships. In particular, medium carbon
chain length aliphatic compounds (C8–C14) with oxygen-containing functional groups
exhibited a direct correlation between chain length and nematicidal potency. This relation-
ship was influenced by the type of oxygen-containing functional group (alcohol, aldehyde
or carboxylic acid) as well as the presence and positioning of double bonds (saturated vs.
unsaturated molecules) [43]. However, beyond a certain chain length, this correlation was
disrupted, in a cut-off effect, which varied based on the C chain length and the oxygenated
functional group. This type of structure–activity relationship suggests that nematicidal
toxicity may be conveyed through the inhibition of specific biosynthetic pathways. Studies
on aldehydes tested against the pinewood nematode have shown that, while C6 to C14
alkanals exhibited low activity, C6 to C14 trans-2-alkenals displayed a pronounced cut-off
effect. For instance, at 0.5 mg/mL, trans-2-decenal (C10) achieved complete mortality,
whereas trans-2-undecenal (C11) exhibited only a weak effect [43]. In the present study, the
higher efficacy of T2D compared with T2U suggests that a similar structure–activity rela-
tionship may be at play. In fact, aliphatic aldehydes, such as T2D and T2U, are believed to
act by disrupting plant parasitic nematode internal structures. For example, in M. incognita
the application of T2D led to a degeneration of the pseudocoel cells and malformation of
somatic muscles, but caused no harm to the cuticle, suggesting that they enter the nematode
body via the digestive system [44].

In contrast, DMS and DMDS, both volatile sulphides, exhibited a relatively low
nematicidal activity. This outcome was unexpected, given previous reports highlighting
the high activities of sulphide volatiles against Meloidogyne spp. or Globodera spp. [18,45].
Between these volatiles, DMDS demonstrated a slightly greater nematicidal strength,
achieving a mortality rate of 53.4 ± 1.3% at 72 h, compared with 41.1 ± 3.1% for DMS. This
indicates that the number of sulphur atoms may influence nematicidal activity. While no
studies have explicitly examined the structure–activity relationship of sulphide volatiles in
nematode control, research on volatile organic compounds (VOCs) extracted from broccoli
shoots (Brassica oleracea L.) has shown promising results [46,47]. These volatile compounds
were found to reduce M. incognita J2 motility, induce nematode mortality, and suppress
gall formation and egg production in tomato roots under greenhouse conditions. Notably,
DMDS at 176 mg/L reduced egg hatching by 96.8%, whereas DMS exhibited the opposite
effect, increasing egg hatching by 13% at concentrations of 500 mg/L and 1000 mg/L [48].
These results indicate that subtle structural differences between sulfur-containing volatiles
may significantly impact their biological activity. The synthetic pesticide oxamyl exhibited
moderate nematicidal activity (between 42 and 62%) and induced an equally moderate
motility inhibition (varying from 56 to 64%). This suggests that TCA, T2D, and T2U have a
greater nematicidal activity compared with oxamyl and may exhibit a potentially higher
efficacy when applied in natural conditions.
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The combination of visual assessment with automated techniques was demonstrated
to be a very valuable approach to evaluate the nematicidal activity of a compound. Tra-
ditional visual assessment, performed by counting nematodes under a stereomicroscope,
remains a widely used and reliable method. However, it is inherently subjective, as it
depends on the observer’s manual counting and provides only a single timepoint observa-
tion, thereby disregarding temporal variability in nematode behaviour. To complement
visual assessment, motility-based techniques, such as those using infrared beam disruption
technologies, offer an automated and quantitative approach to nematode viability assess-
ment. The use of microplate readers in such assays allows for continuous monitoring over
extended experimental periods and eliminates observer bias. However, this method may
introduce higher variability due to differences in nematode motility patterns, as nematodes
do not exhibit synchronized movement. Despite these limitations, integrating multiple
assessment methods enhances the accuracy and robustness of nematicidal activity evalua-
tions by capturing both instantaneous and dynamic behavioural responses of nematodes
to treatment.

To further explore the potential for incorporation into sustainable bionematicidal for-
mulations, environmental modelling was conducted on the selected volatile allelochemicals.
A fugacity-based modelling approach was applied to estimate the theoretical partitioning
behaviour of the selected volatile compounds and two conventional nematicides—oxamyl
and fluopyram—across key environmental compartments: air, soil, sediments, and water.
The volatile allelochemicals DMS, DMDS, T2D, and T2U demonstrated a strong tendency
to partition into the air environmental compartment (76–97%), indicating a potential for
usage as fumigant biopesticides. Their rapid volatilization could enable an effective and
targeted application while minimizing residue accumulation in soil and water. Importantly,
their low predicted environmental persistence supports the goal of reducing long-term
contamination risks often associated with nematicidal treatments. In contrast, fluopyram,
a next-generation synthetic nematicide, exhibited the highest predicted retention in the
soil environmental compartment, with approximately 97% of the compound estimated to
persist in the soil. This strong affinity suggests a higher risk of long-term environmental
accumulation and potential adverse effects on non-target organisms. Notably, fluopyram
exposure has been linked to disruptions in surrounding microbial communities, raising con-
cerns about its ecological impact [49]. Although fluopyram is generally considered safe for
terrestrial organisms, studies have shown that it can still exhibit moderate to high toxicity
in certain species, such as earthworms and birds [34]. Moreover, the ecotoxicological effects
of many of its degradation products remain insufficiently studied [34]. Thus, the predicted
environmental persistence of fluopyram raises concerns about its limited biodegradabil-
ity and potential for bioaccumulation in terrestrial ecosystems and agricultural products,
which could ultimately pose risks to human health [50].

Both TCA and oxamyl were predicted to predominantly partition into the aquatic
compartment, indicating an increased toxicological pressure on aquatic ecosystems. How-
ever, both compounds exhibit low predicted bioaccumulation and bioconcentration factors,
coupled with rapid biotransformation rates, which may mitigate their long-term ecological
impact. Notably, TCA was predicted to have a significantly lower volatilization rate, quanti-
fied by its half-life, compared with oxamyl, suggesting reduced environmental persistence
in aquatic systems. Oxamyl is associated with severe acute toxicity across various aquatic
model organisms, including fish, algae, and invertebrates, highlighting a substantial eco-
logical risk. In contrast, TCA exhibits a comparatively lower toxicity profile and reduced
predicted persistence, indicating a potentially lower overall risk to aquatic organisms [51].
In a study on cucumber, the toxicity and persistence of TCA-derived metabolites were eval-
uated using gas chromatography (GC) and ultra-high-performance liquid chromatography
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(UHPLC) coupled with a quadrupole high-resolution mass spectrometer (Q-Orbitrap). The
results demonstrate a significantly lower toxicity and environmental persistence of TCA
compared with conventional pesticides [52]. These findings emphasize the importance
of evaluating both persistence and toxicity when assessing the environmental impact of
nematicidal compounds. From a risk assessment viewpoint, there is a critical need to
consider environmental fate and transport mechanisms when determining the suitability
of these compounds for bionematicidal applications. The low predicted persistence of
TCA is advantageous, with a predicted total wastewater removal rate of just 2.1%, close to
that of oxamyl (1.8%). Given the limited effectiveness of conventional wastewater treat-
ment processes in removing some chemicals, a thorough evaluation of their environmental
behaviour is also essential to ensure sustainable nematicide development. The bioaccu-
mulation potential of the tested compounds revealed key differences between natural and
synthetic nematicides. DMS, DMDS and TCA exhibited low predicted bioaccumulation fac-
tors, suggesting a lower risk of biomagnification in aquatic ecosystems. However, T2D and
T2U displayed higher bioaccumulation potential, warranting further studies to assess their
long-term ecological effects, despite being considered generally safe for human use [53,54].
Interestingly, fluopyram exhibited moderate bioaccumulation potential despite being de-
veloped as a safer alternative to older chemical nematicides [55]. Ultimately, integrated
pest management strategies for RLNs that incorporate the application of these volatile
allelochemicals have the potential to significantly enhance treatment efficacy. Nevertheless,
comprehensive evaluations are imperative to ascertain their precise impact on non-target
soil nematodes, particularly free-living species, given their critical role in maintaining soil
microbial homeostasis and overall biodiversity.

To understand the risks to human health of using the analysed volatile allelochemicals,
data from freely available databases were combined with predictive toxicity endpoints.
The toxicity assessments suggested that phytochemicals pose lower risks to human health
compared with synthetic nematicides. The toxicological risk of a given compound can
be categorized using the global harmonized system (GHS) for the classification of haz-
ardous substances [56]. Compounds are assigned to a category group from 1 to 5 (most to
least, respectively) based on the acute oral and dermal toxicity thresholds reported. From
the acute oral toxicity thresholds compiled, oxamyl is classified as a category 1 toxicant,
for displaying a reported experimental LD50 value below 5 mg/kg, while all other anal-
ysed compounds are above category 3 compounds, given their LD50 values higher than
50 mg/kg. For acute dermal toxicity, the analysed compounds belonged to category 5,
as the reported LD50 values were above 2000 mg/kg, and can therefore be considered to
have a low acute dermal toxicity. Predictive toxicology based on computational methods
was employed to evaluate the developmental risks associated with various conditions
relevant to human health. Overall, the toxicity profile of the allelochemicals analysed
remained substantially lower than those observed for the synthetic chemicals. The first
demonstrated a high probability of toxicity in three to four endpoints, whereas the synthetic
pesticides, oxamyl and fluopyram, were predicted to have more pronounced toxicological
profiles. Oxamyl was associated with a high probability of toxicity in five endpoints, while
fluopyram displayed the highest predicted toxicity, with eight highly probable toxicity
endpoints [57,58]. Among the tested allelochemicals, TCA exhibited a higher predicted
toxicity, with a high probability of inducing four out of the seventeen evaluated conditions.

For TCA, the toxicology and carcinogenesis potential has been previously assessed
through experimental studies on the exposure of this microencapsulated compound on
mice and rats [59]. At a 4100 ppm exposure level of TCA, only reduced appetite and
non-neoplastic tissue changes were induced. Exposure to TCA, even at relatively high
concentrations, was not found to be carcinogenic [59].
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The findings of the present study underscore the potential of allelochemical volatiles as
environmentally sustainable and effective alternatives to synthetic nematicides. However,
further research is needed to optimize formulations of volatiles, assess long-term efficacy
under field conditions, and evaluate potential non-target effects. Additionally, regula-
tory frameworks should consider integrating volatile-based nematicides into current pest
management programs to promote sustainable agricultural practices, while minimizing
environmental and human health risks.

5. Conclusions
Plant allelochemical volatiles are still a largely unused class of chemicals, which have

the potential to be utilized as prospective candidates for sustainable pest management
strategies. A risk assessment evaluation of these compounds found that they can ex-
ert high levels of bioactivity whilst having favourable ecotoxicological profiles owing to
their favourable environmental compartmentalization, low ecological persistence, and low
toxicity to mammals. From the allelochemical volatiles assessed, trans-cinnamaldehyde,
trans-2-decenal, and trans-2-undecenal emerged as promising candidates for nematicidal
applications, exhibiting strong bioactivity and promising environmental and toxicological
profiles. At the concentration tested, these volatiles demonstrate significant efficacy, suggest-
ing that they can actively reduce root lesion nematode populations in the field. Their direct
application could target and suppress these phytoparasites within the soil and root systems,
thereby mitigating their damaging effects. This approach would represent a more environ-
mentally benign alternative to conventional synthetic nematicides, contributing to healthier
soil ecosystems and supporting long-term sustainable agricultural practices for managing
RLNs. However, field trials are warranted to optimize application methods and confirm
the consistent efficacy of this concentration under diverse environmental conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

AChE Acetylcholinesterase
BAF Bioaccumulation factor
BCF Bioconcentration factor
DMDS Dimethyl disulphide
DMS Dimethyl sulphide
ECHA European Chemicals Agency
EO Essential oil
PED Predicted environmental distribution
PPDB Pesticide Properties Database
PPN Plant-parasitic nematode
RLN Root lesion nematode
T2D trans-2-decenal
T2U trans-2-undecenal
TCA trans-cinnamaldehyde
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